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Abstract 
The charge density wave (CDW) in transition metal dichalcogenides (TMDs) has drawn 
tremendous interest due to its potential for tailoring their surface electronic and chemical 
properties. Due to technical challenges, however, how the CDW could modulate the chemical 
behavior of TMDs is still not clear. Here, this work presents a study of applying the CDW of 
NbTe2, with a high transition temperature above room temperature, to generate the assembling 
adsorption of Sn adatoms on the surface. It is shown that highly ordered monatomic Sn adatoms 
with a quasi-one-dimensional structure can be obtained under regulation by the single-axis 
CDW of the substrate. In addition, the CDW modulated superlattices could in turn change the 
surface electronic properties from semi-metallic to metallic. These results demonstrate an 
effective approach for tuning the surface chemical properties of TMDs by their CDWs, which 
could be applied in exploring them for various practical applications, such as heterogeneous 
catalysis, epitaxial growth of low-dimensional materials, and future nanoelectronics. 
  
 





Transition metal dichalcogenides (TMDs), are layered materials consisting of repeating 
chalcogen-metal-chalcogen layers, with strong in-plane covalent bonding but weak interaction 
through out-of-plane van der Waals (vdW) forces.[1-4] Rich electronic phases, including metallic, 
semiconducting, superconducting, charge density wave (CDW), and topological, make TMDs 
appealing as multifunctional materials, which are diverse in terms of their polytypes and 
dimensionalities, as well as the variation in their transition metals and chalcogens.[5-11] A CDW 
emerges when the temperature is lower than a transition temperature Tc, in which instability of 
the electronic states close to the Fermi level, EF, leads to a modulation of the electronic charges 
and lattice. Abundant phases have been found in TMDs, for instances, a number of MX2 phases 
(where M = Ti, Nb and Ta; X = S, Se, and Te). Several different mechanisms, including Fermi 
surface (FS) nesting,[8,12] saddle-point singularities,[13,14] and electron-phonon coupling 
(EPC),[15-18] have been proposed regarding the origin of CDWs in TMDs. The CDW has 
received intense interest because it provides a platform for interpreting unconventional 
superconductivity and strongly correlated electron systems.[19-22] Additionally, other newly 
discovered phenomena, for example, semiconductor-metal transitions in TMDs triggered by a 
CDW phase transition, offer very promising pathways for developing future electronic 
devices.[23-30] These studies implied that CDWs in TMDs possess the alluring ability to 
determine or modulate their electronic properties. Recently, CDWs in TMDs were found to 
play a vital role in versatile applications besides electronics, such as catalysis and energy 
storage.[31-33] In particular, for heterogeneous catalysis, CDWs are expected to be feasible for 
tailoring the adsorption scheme of reactants and active sites via tuning the surface electronic 
properties of catalysts.[34-37] Due to technical challenges, however, it remains unclear how the 
CDW modulates the chemical behavior by tuning the surface electronic properties in TMDs. 
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Here, we utilized the CDW of NbTe2, which has a high transition temperature above room 
temperature,[38,39] to modulate the monatomic assembly behavior of Sn on the surface. 
Characterization by scanning tunneling microscopy (STM) showed that monatomic Sn adatoms 
are regulated by the single-axis CDW of the substrate, forming a quasi-one-dimensional (1D) 
structure with indirect repulsive interaction. With increasing coverage, highly ordered 
commensurate Sn patterns with equal space prevail on the surface. In addition, through 
investigations by scanning tunneling spectroscopy (STS) and density functional theory (DFT) 
calculations, it was found that the CDW modulated superlattices could, in turn, change the 
surface electronic properties from semi-metallic to metallic. The direct observation of a CDW 
regulated ordered superlattice on the TMD surface demonstrates an effective approach for 
tuning the surface chemical properties, which will promote their exploration in various practical 
applications, such as heterogeneous catalysis, epitaxial growth of low-dimensional materials, 
and future nanoelectronics.[40-43] 
We first characterized the surface structure and CDW phases of an in-situ cleaved NbTe2 
substrate by STM. Figure 1a illustrates layered NbTe2 in the monoclinic crystal structure 
(distorted octahedral). Adjacent layers are weakly stacked to form the bulk crystal. Each single 
layer is composed of a Nb layer sandwiched by two Te layers, forming a Te-Nb-Te structure. 
Due to the formation of the CDW, the displacement of Nb atoms from the centers of the 
octahedra leads to a periodic lattice distortion (PLD) with a 3 × 1 CDW supercell (red 
parallelogram), as illustrated in Figure 1a. Figure 1b shows a large-scale STM image of the 
cleaved surface with large flat terraces and several small residual islands. Figure 1c presents a 
high-resolution STM image that clearly shows the stripe-like structures on surface, with the 3 
× 1 CDW unit cell marked by the red parallelogram (See the height profile in Figure S1 in 
Supporting Information). The bright features and defects on the stripes can be assigned to top 
surface Te atoms and Te vacancies, respectively.[31] The fast Fourier transform (FFT) of the 
STM image in Figure 1d further confirms the coexistence of 3 × 1 supercells (red circles) with 
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the Te atomic lattice (white circles), with an angular deviation (around 6°) from the regular 
rectangle, agreeing well with the distorted octahedral structure. 
 
Figure 1. (a) Schematic diagram of the crystal structure of NbTe2 in the monoclinic structure 
from both the side view and the top view. The unit cell of the 3 × 1 CDW is indicated by the 
red parallelogram. (b) STM image of the large-scale surface of the in-situ cleaved NbTe2 single 
crystal (-1.5 V, 50 pA). (c) High-resolution STM image of the NbTe2 surface, with a stripe 
indicated by the red dashed line and a surface Te vacancy indicated by the blue dash circle (50 
mV, 50 pA). (d) The fast Fourier transform (FFT) of the STM image in c. The white circles 
indicate the first-order Bragg peaks. The red circles indicate the stripe peaks. The angle of 
around 6° indicates the lattice distortion between the crystallographic axes on the surface 
(between a stripe and its perpendicular direction). 
 




Figure 2. (a-e) Bias dependent STM image of NbTe2 surface, in the range from -1.3 V to 0.5 
V. All images were obtained at approximately the same surface location with a constant current 
of 300 pA. The unit cell of an additional CDW order is marked by the blue rectangle, with two 
characteristic defects marked as spatial reference points. The size of the images is 20 nm × 20 
nm. (f) FFT pattern of the STM image in a. The white circles indicate the first-order Bragg 
peaks. The red circles indicate the stripe peaks. The blue circles and the rectangle indicate the 
peak and the unit cell of the additional CDW order, respectively. 
 
The stripe structure induced by CDW was also examined by bias dependent imaging. An 
additional superstructure was surprisingly observed, as shown in Figure 2a-e. In the bias range 
between 0.1 V and 0.5 V, the 3 × 1 CDW induced stripe morphology was clearly observed, 
with an additional superstructure starting to appear on the surface. Whereas, when the bias was 
lowered to -0.2 V, as shown in Figure 2c, the additional superstructure, with the unit cell marked 
by the blue rectangle, instead became the clearer one on the surface. With further decrease of 
the sample bias, this superstructure dictated the morphology in the STM images. Specifically, 
the position of the superstructure with reference to the stripes varied from the hill to the valley 
of the stripes, as indicated by the two blue arrows at Te vacancies as spatial reference points. 
The bias dependent intensity and position suggest that the additional superstructure can be 
regarded as an electronic state. 
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By carefully measuring the lattice along the stripe and analyzing the FFT of the STM image 
in Figure 2f, the unit cell was found to be very close to √19 × 3√3/2. This superstructure has 
been assigned to an incommensurate CDW phase of √19 × √19 at low temperature (compared 
with 1 ×3 CDW) in previous studies, through experiments involving electron diffraction and 
neutron diffraction.[44,45] The √19 × √19 CDW phase was reported to be a triple-axis periodic 
structure, however, rather than the single-axis structure observed in Figure 2. This difference 
can be explained by the existence of domains separated by boundaries with an angle of either 
60° or 120° across the single crystal, as shown in Figure S2 in the Supporting Information. 
Therefore, two CDW phases, a commensurate 3 × 1 phase and an incommensurate √19 × 3√3/2 
phase, are found to coexist on the surface of NbTe2 at 78 K. 
 
Figure 3. (a) STM image of the surface of NbTe2 covered by 0.1 ML Sn atoms. The red lines 
indicate the orientations of domains of the NbTe2 substrate (3 V, 50 pA). (b) Histogram of the 
nearest-neighbor pair-distances of Sn adatoms along the stripe direction of the substrate with 
coverage of 0.1 ML, which are commensurate to the lattice parameter a and √19a, as indicated 
by the black arrows and blue arrows, respectively. (c) STM image of the surface of NbTe2 
covered by 0.3 ML Sn atoms, showing two dominant ordered structures marked as A and B, 
respectively (-1.7 V, 50 pA). (d) Histogram of the nearest-neighbor pair-distance of Sn adatoms 
along the stripe direction of the substrate with coverage of 0.3 ML, with those commensurate 
to a indicated by the black arrows. (e) Bias dependent STM images of the NbTe2 surface 
covered by 0.3 ML Sn adatoms (image size is 10 nm × 10 nm). All images were acquired at 
approximately the same surface location with a constant current of 300 pA. (f) Height profile 
of the line in e. (g) Variation of the heights of Sn adatoms in the 3 × 2 order and 3 × 3 order 
with the sample bias. 
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As discussed, the intrinsic periodic charge potential and lattice distortion observed for CDW 
phase could have a great impact on the surface electronic structure, and consequently, affect 
the surface chemical behavior towards reactant adsorption. To reveal the role of the CDW in 
the surface reactant adsorption, we carried out an in-situ deposition of Sn on the surface of 
NbTe2 at room temperature. Sn is well-known as an excellent electrocatalyst both for reducing 
CO2 and for modifying the catalytic activity and selectivity of other catalysts.
[46-48] We first 
deposited around 0.1 monolayer (ML) of Sn atoms on the surface (1 ML is defined as the 
number of top Te atoms, ~ 8 × 1014 atoms cm-2), which was then transferred to the STM 
chamber for characterization at 78 K. As shown in Figure 3a, the round and bright protrusions, 
identified as single Sn adatoms, have all arranged themselves along the 3 × 1 CDW induced 
stripe directions, as indicated by the red lines. This indicates that NbTe2 was acting as a template 
in producing such a 1D structure, with its CDW providing an intrinsic 1D periodic charge 
potential. The 1D Sn adatoms along the stripes were then analyzed by measuring the nearest-
neighbor (NN) pair distance of two adjacent Sn atoms, as shown in the histogram in Figure 3b. 
It was found that Sn adatoms did not arrange themselves randomly along the stripe, but 
preferentially assembled with several NN distances, either commensurately (indicated by the 
black arrows) or incommensurately. The minimum and maximum NN distances observed are 
0.64 nm and 5.2 nm, respectively, indicating that an indirect long-range interaction along the 
stripe exists between Sn adatoms to produce such superstructures. Among them, the first two 
prevailing NN distances on the surface are neither the commensurate ones nor are they 
commensurate with √19a but are 1.02 nm and 1.35 nm which are slightly smaller than 3a (1.13 
nm) and 4a (1.43 nm), respectively. 
Whereas, on increasing the coverage to 0.3 ML, the Sn adatoms exhibited a well-ordered 
commensurate arrangement along the stripe, as shown in Figure 3c and 3d, with the two major 
kinds of superlattices,  type A (brighter protrusions than type B, in a solo order of 3 × 2) and 
type B (in a 3 × b order, with b ranging from 3a to 8a), observed on the surface, according to 
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their brightness. This coverage dependent phenomenon suggests that the indirect interaction 
between Sn adatoms should be repulsive, which occurs through polarization by the substrate, 
in order to produce these superlattices. At low adatom density, higher adatom mobility allows 
the formation of incommensurate arrangements, while at higher adatom density, the repulsive 
force between adatoms could suppress adatom diffusion and form these stable commensurate 
arrangements. The differences in polarization of Sn adatoms in different orders were further 
confirmed by their apparent heights in STM images, measured over a wide bias range, as shown 
in Figure 3e-g. Under all the measured bias ranges, Sn adatoms in type A order show larger 
apparent height than in type B order, while Sn adatoms in type B orders exhibit a similar 
apparent height. 
 
Figure 4. (a) and (b) STM images of the selected area with part of the Sn adatoms removed 
from the surface at different bias values of -1.2 V (a) and 1.2 V (b), respectively. (c) DFT 
calculations of the optimized location of Sn adatoms on the surface of NbTe2. (d) The optimized 
configurations of Sn adatoms in 3 × 2, 3 × 3, and 3 × 4 superlattices. (e) The calculated amount 
of charge transfer between Sn adatoms and their corresponding differential charge density. 
 




To further clarify the nature of the polarization induced by charge transfer, we have carried 
out DFT calculations on the configurations and charge transfer of the 3 × 2, 3 × 3, and 3 × 4 
orders on the surface. The spatial location of Sn adatoms along the stripe direction was first 
determined by STM images, as shown in Figure 4a and 4b, in which part of the Sn adatoms 
were removed from the surface by scanning the selected area with an extremely low sample 
bias of -3 mV. As discussed in relation to Figure 2, the stripes induced by the 3 × 1 CDW turned 
out to be valleys on the surfaces due to the existence of a √19 × 3√3/2 CDW, which is marked 
by the red dashed lines in Figure 4a and 4b. The 1D Sn superlattices, therefore, can be 
determined to be very close to the top Te atoms along the stripes. Based on this result, the 
optimized configurations of the superlattices were obtained through calculations, with Sn 
adatoms located between the Te1 and Te2 atoms, as presented in Figure 4c. Top views of the 
optimized configurations of these three superlattices are shown in Figure 4d. Their calculated 
adsorption energies are -2.12 eV for 3 × 2, -2.19 eV for 3 × 3, and -2.25 eV for 3 × 4, suggesting 
that they are energy favorable. In addition, through calculations, it was determined that each Sn 
adatom in the 3 × 3 order and 3 × 4 order could donate 0.63 e and 0.64 e to the substrate, 
respectively, which are more than that of 0.57 e for the 3 × 2 order, as shown in Figure 4e. This 
coincides with the result that Sn adatoms in 3 × b (b = 3 to 8) orders have similar apparent 
heights in STM images, which are smaller than for the 3 × 2 order, because a larger amount of 
charge transfer could result in stronger bonding strength with the substrate and a shorter 
bonding length, and consequently, smaller apparent height in STM images. This result is also 









Figure 5. (a) STM image of an area with commensurate 1D Sn superlattices. (b) STS spectra 
of the NbTe2 substrate, and on/off Sn adatoms in the 3 × 3 order and in the 3 × 2 order. (c) 
Logarithmic plots of the STS spectra in b to obtain the suppression of the local density of states 
(LDOS) near the Fermi level for the NbTe2 substrate. (d) Spatially resolved dI/dV spectra along 
the dashed line in a, crossing Sn adatoms and the bare substrate. 
 
The effects of Sn adatoms on the electronic properties of NbTe2 substrate were further 
explored by STS measurements. As shown in the STS data in Figure 5, pure NbTe2 substrate 
exhibited a semi-metallic characteristic with a pseudogap of around 0.3 eV (Figure 5b and 5c), 
as indicated by the black arrows. After deposition of Sn atoms, the STS spectra of both on and 
off Sn adatoms presented metallic characteristic, indicating the global effect of Sn superlattices 
on modifying the electronic properties of the substrate. Figure 5d shows spatially resolved dI/dV 
plots along one stripe and simultaneously across Sn adatoms and the bare substrate, which is 
marked in Figure 5a. It clearly shows a periodic distribution of the surface electronic states that 
matches the spatial position of Sn adatoms, as indicated by the white dashed lines. An apparent 
shift of ~ 0.16 eV was observed on the STS spectra of Sn adatoms in type B orders, compared 
with type A order and the bare substrate, as indicated by the two black arrows in Figure 5d. 
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This shift agrees with the result that Sn adatoms in type B donate more electrons to the substrate. 
These results verify the hypothesis that the surface electronic structure plays a decisive role in 
the adsorption scheme of the Sn adatoms. In addition, the periodic destruction of the surface 
electronic states of the Sn/NbTe2 system also exhibits potential for modifying the active sites 
of heterogeneous catalysts through surface functionalization. 
In summary, monatomic Sn superlattices were fabricated on the surface of NbTe2, with a 
subtle balance between the CDW of the substrate and the indirect repulsive interaction between 
Sn adatoms. The well-dispersed monatomic characteristic of Sn adatoms not only demonstrates 
how the CDW can modulate the adsorption scheme of a reactant, but also demonstrates an 
effective means of utilizing CDW phase for fabricating heterogeneous ordered single-atom or 
nanocluster systems. The CDW in TMDs then is expected to be applied in both tuning the 
catalytic properties of TMD based materials and in epitaxial growth of other low-dimensional 
materials. This work could inspire the design and synthesis of new ordered superlattices on new 
TMD-based functional materials. 
 
Experimental Section 
    Fresh NbTe2 surface was obtained through in-situ cleaving by tapes in a load-lock chamber 
under vacuum of 1 × 10-8 Torr. Then, the sample was quickly transferred to ultra-high vacuum 
(UHV) conditions (better than 1 × 10-10 Torr). STM and STS characterization were performed 
in a low temperature STM (USM 1500-M, Unisoku Co.) at 78 K. During the STM and STS 
tests, voltage was applied to the sample. Sn adatoms on NbTe2 substrate were fabricated by 
evaporation of Sn from a home-made crucible in a preparation chamber under UHV conditions 
and room temperature. The sample was then transferred to the STM chamber under UHV for 
further characterization. The dI/dV measurements were acquired with a lock-in technique with 
a sample voltage modulation of 10 mV at 937 Hz. The STM images were analyzed using WSxM 
software.[49] 
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All DFT calculations were performed using the Vienna Ab Initio Simulation Package 
(VASP).[50] The generalized gradient approximation (GGA) was applied to treat the exchange 
correlation energy with the Perdew-Burke-Ernzerhof (PBE) functional.[51] The projector 
augmented wave (PAW) method[52] was employed to describe electron-ion interactions with the 
cut-off energy of 500 eV. The structural models of NbTe2 superstructures were constructed with 
two NbTe2 layers. A vacuum spacing of 20 Å was built in to avoid interaction between adjacent 
surfaces. All structures in the calculations were relaxed until the convergence tolerance of force 
on each atom was smaller than 0.01 eV. The energy convergence criterion was set at 1 × 10-5 
eV for self-consistent calculations.  
The adsorption energy of Sn adatoms on the surface (Ead) is calculated as  
𝐸𝑎𝑑 =  (𝐸𝑡𝑜𝑡𝑎𝑙  − 𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒  − 𝜇𝑆𝑛)  Equation (1) 
Here, Etotal is the total energy of Sn on NbTe2, Esubstrate is the total energy of NbTe2, and μSn 
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Applying the CDW of NbTe2 to generate the assembling adsorption of Sn adatoms on the 
surface. The CDW modulated superlattices could in turn change the surface electronic 
properties from semi-metallic to metallic. These results demonstrate an effective approach in 
tuning the surface chemical properties of TMD based materials by theirs CDWs. 
 
